Abstract
Introduction
Molecular cloning of genes encoding enzymes involved in ABA biosynthesis, catabolism and transport from peanut 164 From the constructed transcriptome which contained 47 842 assembled unigenes of three-leaf-stage for 5' and 3' RACE of target genes were listed in Table 1 . In all cloning experiments, PCR fragments 172 were gel-purified and ligated into the pMD 19-T Vector (TaKaRa, Dalian, China), and confirmed by 173 sequencing from both strands.
174

Sequence analyses and alignments
175
The routine sequence analyses were performed by using the Gene Runner (Hastings Software, Inc., New 176 York, USA). Computer analyses of cDNAs and deduced amino acid sequences were carried out using the 
Real-time quantitative RT-PCR performance
The isolated RNA by using the modified phenol chloroform method as previously described leaves in response to drought, the gene-specific primers were designed and listed in Table 1 The main pathways of de novo ABA biosynthesis occur both in plastids and in the cytosol, starting showed that AhNCED1 and AtNCED3 were clustered into one group (Fig 1) , both of them playing a vital role in stress-induced ABA biosynthesis in leaves [34, 49] . AhNCED3 was clustered with AtNCED2 and 272 AtNCED5 (Fig 1) , which accounted for the main NCED transcripts in flowers [49] . 67.9 sequence identity with AtABA2, tomato SlABA2 and tobacco NtABA2, respectively ( Fig. 2A) . The 286 domain (residues 3 to 285 in AtABA2) with xanthoxin dehydrogenase activity was highly conserved in 287 all aligned ABA2 proteins (Fig 2A) . AhABA2 was phylogenetically closer to soybean GmABA2 in the 288 leguminous cluster (Fig 2B) . were shaded in black and gray, respectively. Dotted lines indicated gaps that were introduced to maximize the alignment. Amino acids were numbered from the initial methionine. GenBank accession numbers for 295 each aligned ABA2 homolog were indicated in parentheses. (B) Phylogenetic analysis of amino acid 296 sequences of AhABA2, AtABA2, soybean GmABA2, alfalfa MtABA2, and winter rape BnABA2.
297
Multiple sequence alignment was performed using Clustal W and phylogenetic tree was constructed via 298 the Neighbor-Joining method in MEGA 4 software. Bootstrap values from 1000 replicates for each 299 branch were shown. GenBank accession numbers for each analyzed ABA2 were indicated in parentheses.
300
The scale bar is 0.05.
302
The oxidation of abscisic aldehyde to ABA, which is catalyzed by abscisic aldehyde oxidase, is the sequence identity with soybean GmABA3, Cajanus cajan CcABA3 and AtABA3, respectively (Fig 3) .
315
The putative pyridoxal phosphate (PLP) binding motif and the conserved cysteine motif identified by AtBG1 belongs to the group of seven members with an ER retrieval signal, and AtBG2 belongs to the 330 other group of nine members without the ER retrieval signal [14] . In the present study, two BG homologs,
331
AhBG11 and AhBG24, were characterized from our constructed drought-induced transcriptome of peanut 332 leaves. AhBG11 protein shared 41.6%, 37.7% and 32.5% sequence identity with AhBG24, AtBG1 and 333 AtBG2, respectively; and AhBG24 shared 40.2% and 37.2% sequence identity with AtBG1 and AtBG2, 334 respectively (Fig 4) . AhBG11 and AhBG24 were predicted by the WoLF PSORT tool to localize to the 335 ER and vacuole, respectively (Table 2; Fig 4) , suggesting that AhBG11 and AhBG24 might belong to the 336 group with AtBG1 and the other group with AtBG2, respectively. 
343
GenBank accession numbers for each aligned BG homolog were indicated in parentheses.
345
The catabolic process of ABA mainly involves two pathways, hydroxylation and glucose conjugation.
346
The 8′-hydroxylation of ABA is the predominant enzymatic reaction, which is mediated by the protein 347 encoded by AtCYP707A gene family (AtCYP707A1, 2, 3 and 4 (Fig 6A) .
378
AhUGT71K1 and AhUGT73B4 were both predicted by the WoLF PSORT tool to localize in the cytosol, 379 similar to the cytosolic localization of UGT71B6, UGT71B7, UGT71B8 and UGT71C5 [17, 57] .
380
Consistent with the result of sequence alignment, AhUGT71K1 and AhUGT73B4 were phylogenetically 381 closer to UGT71C5 and UGT73B1, respectively (Fig 6B) . up-regulated in response to drought stress (Fig 8) . Particularly, the transcript level of AhNCED1 gene was 437 strongly up-regulated (756 times higher than that in the control at 10 h of the stress) by drought stress 438 (Fig 8B) , consistent with our previous reports [18, 34] . The expression of AhNCED3 (Fig 8D) was also 439 induced (0.9 times higher than that in the control at 10 h of the stress) by drought, but the induction was 440 much slighter than that of AhNCED1 (Fig 8B, D) . However, the expressions of AhABA2 (Fig 8C) and 441 AhAAO1 ( Fig 8E) were not affected significantly by the stress, which were consistent with the previous indicates a significant difference between stressed and controlled samples at P < 0.05 (*) or P < 0.01 (**). ABA-GE to ABA catalyzed by BG is a fast process, which is optimal to meet the rapid increase in ABA level in response to stresses. Arabidopsis AtBG1 and AtBG2 were both reported to be induced by performed as described in Fig. 8 . All data are presented as mean ± standard errors (SE) of three replicates.
469
The asterisk above each bar indicates a significant difference between stressed and controlled samples at (Fig 10A) . The conjugation of ABA with glucose is catalyzed by UGT to produce ABA-GE [16, 17] .
480
In Arabidopsis, UGT71B6 gene and its two homologs, UGT71B7 and UGT71B8 were all reported to be 481 rapidly induced by osmotic stress [17] . Liu et al [57] showed that mutation of UGT71C5 and 482 down-expression of UGT71C5 in Arabidopsis caused delayed seed germination and enhanced drought 483 tolerance; and that overexpression of UGT71C5 accelerated seed germination and reduced drought 484 tolerance. In the present study, the expression of AhUGT71K1 gene, highly phylogenetically similar to 485 UGT71B6 (Fig 6B) was rapidly and significantly increased in peanut leaves in response to drought stress 486 ( Fig 10B) . Whereas, the transcript level of AhUGT73B4 in peanut leaves did not respond to drought stress 487 markedly (Fig 10B) . and controlled samples at P < 0.05 (*).
497
Arabidopsis ABCG25 and ABCG40 were shown to be responsible for ABA transport and response, 498 which function as an ABA exporter and importer, respectively [22, 23] . Recently, the removal of 499 PM-localized ABCG25 via activation of endocytosis and transport to vacuole was confirmed to be 500 another mechanism by which plant cells increase cellular ABA levels in response to abiotic stresses, in addition to the activation of ABA biosynthetic genes [65] . Kuromori et al [24] showed that ABCG22 is 502 required for stomatal regulation and involved in ABA influx. In this study, the expressions of two closely 503 related ABCG22 genes in peanut leaves, AhABCG22.1 and AhABCG22.2, were significantly up-regulated 504 by 2-h (2.89-and 4.77-fold increase, respectively) or 10-h (1.93-and 2.54-fold increase, respectively) 505 drought stress (Fig 11) , respectively. Under abiotic stress conditions, plant cells need to increase the 506 cellular ABA levels to trigger ABA-mediated signaling in order to respond to the stresses [48, 66] , 507 therefore the expression levels of genes involved in ABA production pathways are up-regulated to 508 increase the cellular ABA levels [8] [9] [10] [11] [12] 48, 62] (Fig 8, 9) . At this condition, high levels of AhABCG22 509 transcripts would contribute to the rapid increase of cellular ABA levels (Fig 11) . 
516
The asterisk above each bar indicates a significant difference between stressed and controlled samples at 517 P < 0.05 (*). In the present study, the ABA level in peanut leaves in response to 0, 2, 4, 10, 14, 18, or 24 h of 536 drought stress was respectively determined. As shown in Fig 12, the ABA level was significantly 537 increased by drought stress. The ABA content rapidly began to accumulate within 2 h (a 56.6-fold 538 increase) from the start of stress. The highly and rapidly stress up-regulated expressions of genes involved 539 in ABA production and transport, particularly AhNCED1 (Fig 8B) , AhBG11 and AhBG24 (Fig 9) , and 540 AhABCG22.1 and AhABCG22.2 (Fig 11) , might contribute to the rapid ABA accumulation (Fig 12) .
541
At 10 h of drought stress, the ABA level reached a peak, 95.9 times higher than that in the control 542 (Fig 12) . ABA homeostasis maintained through a balance between the production, catabolism and 543 transport, rather than simply by the biosynthesis. Consistent with this idea, the expressions of genes 544 involved in ABA production (AhZEP, AhNCED1, AhABA3, AhAAO2, AhBG12 and AhBG24) (Fig 8, 9) 545 and catabolism (AhCYP707A3, AhUGT71K1) (Fig 10) were both up-regulated upon drought stress, 546 although the induction of biosynthetic genes (AhNCED1) was much higher than that of catabolic genes 27 547 (AhCYP707A3 and AhUGT71K1). This difference in induction kinetics of gene expression may define the 548 significant accumulation of stress-induced ABA levels (Fig 12) . But the ABA content then started to 549 decrease at 18 h of the stress, and reduced to an even lower level than that of the normal (likely due to 550 severe damages induced by drought stress) (Fig 12) . 
553
The ABA levels in peanut leaves at the presence or absence of drought were determined triplicately for 554 each sample. All data are presented as mean ± standard errors (SE) of three replicates. The asterisk above 555 each bar indicates a significant difference between stressed and controlled samples at P < 0.01 (**).
557
Conclusions
558
The two ABA-producing pathways, taking place in different compartments, coordinate to maintain the 559 cellular ABA levels. Additionally, the catabolic pathways play a critical role in the regulation of cellular 560 ABA levels. Furthermore, the PM-localized ABA-specific transporters also contribute to the regulation of 561 cellular ABA levels in plant cells.
562
The differential subcellular localization of all the key enzymes involved in ABA metabolism and 563 transport indicates that integrated regulatory networks involving multiple organelles are implicated in the 564 regulation of cellular ABA levels. Therefore, a mechanism must exist to achieve a homeostasis of the 565 cellular ABA level that is required for adaptation responses to physiological, developmental, and 566 environmental conditions. However, the entire regulatory network at the molecular level is not fully 567 understood. To elucidate such a mechanism, it is necessary to identify all of the components involved in 568 the regulation of ABA homeostasis, including those that function in production and catabolism, as well as 569 in transport between compartments.
From our previously constructed transcriptome of peanut leaves in response to drought stress, 571 fourteen candidate genes involved in ABA production, catabolism and transport, were identified 572 homologously and phylogenetically (Fig 1-7) , and further analyzed at the transcriptional level (Fig 8-11 ), 573 simultaneously determining ABA level in peanut leaves in response to drought (Fig 12) . The high 574 sequence identity and very similar subcellular localization (Table 2 ) of the proteins deduced from 14 575 identified genes involved in ABA production (Fig 1-4) , catabolism (Fig 5, 6 ) and transport (Fig 7) with 576 the reported corresponding enzymes in databases suggest their similar roles in regulating cellular ABA 577 levels.
578
In response to drought stress, ABA accumulation levels in peanut leaves (Fig 12) agree very well with 579 the up-regulated expressions of ABA-producing genes (Fig 8, 9 ) and PM-localized ABA importer genes 580 (Fig 11) , although the expression of ABA catabolic genes was also up-regulated (Fig 10) . It is likely that 581 drought-responsive induction of catabolic genes helps not only to maintain ABA levels within a 582 permissible range, but also to prepare the plant for degradation of ABA after removal of the stress. These 583 results suggest that ABA homeostasis in peanut leaves in response to drought may be coordinated by a 584 master regulatory circuit that involves production, catabolism, and as well as transport. transporter mediates cellular uptake of the phytohormone abscisic acid. Proc. Natl. Acad. Sci. U.S.A.,
